Highway construction has accelerated urban growth and induced direct and indirect changes to land use. Although many studies have analyzed the relationship between highway construction and local development, relatively less attention has been paid to clarifying the various impacts of highways associated with farmland loss. This paper integrates GIS spatial analysis, remote sensing, buffer analysis and landscape metrics to analyze the landscape pattern change induced by direct and indirect highway impacts. This paper explores the interaction between the impact of highways and farmland loss, using the case of the highly urbanized traffic hubs in eastern China, Hang-Jia-Hu Plain. Our results demonstrate that the Hang-Jia-Hu Plain experienced extensive highway construction during 1990-2010, with a clear acceleration of expressway development since 2000. This unprecedented highway construction has directly fragmented the regional landscape and indirectly disturbed the regional landscape by attracting a large amount of built-up land transition from farmland during the last two decades. In the highway-effect zone, serious farmland loss initially occurred in the urban region and then spread to the rural region. Moreover, we found the discontinuous expansion of built-up land scattered the farmland in the rural region and expressway-effect zone. Furthermore, farmland protection policies in the 1990s had the effect of controlling the total area of farmland loss. However, the cohesive farmland structure was still fragmented by the direct and indirect impacts of highway construction. We suggest that an overall farmland protection system should be established to enhance spatial control and mitigate the adverse impacts caused by highway construction. This work improves the understanding of regional sustainable development, and provides a scientific basis for balanced urban development with farmland protection in decision-making processes.
Introduction
China has witnessed unprecedented highway construction since the National Trunk Highway System planning in 1993 [1] . By the end of 2010, 3,304,709 km of highways had opened to traffic, nearly four times the highway mileage in 1993, and it is projected to reach approximately 3,830,000 km in 2030 [2] . Although accelerated highway construction facilitated economic development and created the new spatial development framework in China, it has directly or indirectly induced transition of farmland to non-agricultural construction, threatening the security of the food supply and the environment [3, 4] . Research has indicated that approximately 3.34 thousand km 2 of farmland were 
Database and Pro-Processing
The data sources utilized in this study are listed as follows: (1) digital land use maps for the years 1990, 2000 and 2010 were provided by the Chinese Ministry of Environmental Protection. The land-use information was extracted from remote sensing data by visual interpretation and field surveys with a validated overall accuracy of 84%. The final land-use dataset was classified into (1) four categories: built-up land, farmland (paddy field, dry land, aquaculture land and plantation), forest and water body (ponds, rivers and reservoirs); (2) Landsat TM images with a spatial resolution of 30 m were acquired in 1990, 2000 and 2010, which were downloaded from the U.S. Geological Survey's (USGS) Global Visualization Viewer; (3) digital highway network data from the Hang-JiaHu Plain were obtained from the Zhejiang Highway Management Bureau, with the assistance of Google Earth images. In this study, we referred to the highway network consisting of national highways and provincial highways, which had speeds of more than 60 km/h, and all highways were divided into two types to represent different capacities of traffic: the non-expressway and expressway (speed: 60 km/h < non-expressway < 80 km/h, 80 km/h < expressway < 120 km/h; traffic flow: 5000 cars/day < non-expressway < 25,000 cars/day, expressway > 25,000 cars/day; access control: nonexpressway did not have access control with signalized intersections, expressways had full access control without signalized intersections; charge or not: non-expressway was free, expressway was not free); and (4) demographic and socio-economic data in 1990, 2000 and 2010 were derived from the local statistical bureau (1990-2011).
Highway Density
Many empirical studies have confirmed the causality between construction of highways and local development [25, 26] . The highway density index can be used to reflect the urbanization process and the prosperity of the economy and population [17, 19] . The highway density index (HDI) is 
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Highway Density
Many empirical studies have confirmed the causality between construction of highways and local development [25, 26] . The highway density index can be used to reflect the urbanization process and the prosperity of the economy and population [17, 19] . The highway density index (HDI) is designed to trace changes in highway infrastructure over time in the Hang-Jia-Hu Plain and is defined as:
where HDI at (km/100 km 2 ) is the highway density per area in year t; HDI pt (km/person) is the highway density per capita in year t; HL t (km) is the total length of highway in year t; TA is the total area of the Hang-Jia-Hu Plain; and TP t is the total population of the Hang-Jia-Hu Plain at time t.
Spatial Patterns Analysis

Landscape Metrics
Within the context of eco-environmental impact, construction of highways induces land-use change directly and indirectly [4] . These impacts change the structure of the landscape and cause many adverse consequences, such as loss of biodiversity and soil and water pollution [27, 28] . Landscape metrics are useful in measuring the detailed spatial information and dynamic patterns [29, 30] .
In our study, direct impact and indirect impact were measured. Direct impact only considered the landscape occupation caused by highway construction, and ignored the land-use changes within the highways effect zone (0-2000 m) during the study period. Based on the land-use in 1990, we assumed the landscape within the highways effect zone (0-2000 m) was not changed in 2000 and 2010. Then, the landscape metrics were calculated to analyze the direct impact of the highways. In contrast, indirect impact reflects the land-use change within the highways effect zone (0-2000 m) induced by the highways.
A large set of metrics has been developed to describe the spatiotemporal patterns of land-use structure influenced by highways [31, 32] . Considering the ecological implication of the various metrics and eliminating redundancy, we selected four landscape metrics for the regional level (Table 1) : patch density (PD), landscape shape index (LSI), mean Euclidean nearest neighbor distance (ENND) and Shannon's diversity index (SHDI). These metrics reflect the density, structural spatial pattern, connectivity and diversity of the regional landscape. These indicators were calculated in FRAGSTATS 4.2 software [33] .
Dynamic Analysis of Land-Use Change
The road-effect zone serves as a common analysis unit to evaluate the influence of transport activities on the natural environment or social economy [34, 35] . In this study, buffer analysis was employed to monitor the spatial variance of landscape pattern changes in the highway-effect zone [35, 36] . However, no standard exists for determining the highway-effect zone, and correlative studies have proved that the effect of highway on land use change was extended over 1 km [34, 37] . Considering the rapid urbanization process and the topological characteristics in the Hang-Jia-Hu plain, we defined the area that was 2 km to each side away from the highway as the highway-effect zone. To make the results comparable and reliable, the width of the highway was considered to be 30 m based on the Highway Engineering Technique Standard (JT/GB01-2014). The dynamic land-use changes between 1990 and 2010 were detected for the highway-effect zone.
Land Development Intensity (LDI)
The land development intensity is an important indicator to reflect the level of sustainable land utilization for a region [38] . According to the planning of national development priority zones [39] , the land development intensity is presented as the ratio of built-up area to total land area. The Land Development Intensity (LDI) is described in Equation (3).
where LDI i,t is the land development intensity of spatial unit i, year t; BA i,t represents the area of built-up land within spatial unit i, year t; and TA i,t is the total area of spatial unit i, year t. Table 1 . Landscape metrics and their ecological characteristics.
Metrics Description Justification
Patch density (PD)
The number of patches per 1 km 2 . PD > 0, with higher values conveying more fragmented landscape patterns.
Index of fragmentation
Landscape shape index (LSI)
The total length of edge in the landscape divided by the minimum total length of edge possible. LSI ě 1, higher values denote higher irregularity of landscape patterns.
Index of structural spatial pattern
Euclidean nearest neighbor distance (ENND)
The relative distance between patches. ENND > 0, higher values denote higher instability.
Index of connectivity
Shannon's diversity index (SHDI)
A measure of the diversity of different land-use types in a landscape. SHDI ě 0, SHDI = 0 means there is only one land-use type comprising the landscape, higher values denote higher landscape diversity.
Index of diversity
In this study, we defined the urban built-up area based on China's Standards for Basic Terminology of Urban Planning [40] . The scope of an urban built-up area is determined by the contiguous built-up land without mountains, extremely large rivers, lakes and large-scale ecological conservation regions. We depict an artificial interpretation of remote-sensing images to obtain the urban built-up area for the years 1990, 2000, and 2010. An example of the depicted urban built-up area was exhibited in Figure 2 . In our study, the LDI was calculated for the highway-effect zone within the urban built-up area and outside of the urban built-up area. 
where LDI i,t is the land development intensity of spatial unit i, year t; BA i,t represents the area of built-up land within spatial unit i, year t; and TA i,t is the total area of spatial unit i, year t. 
Metrics Description Justification
Index of fragmentation
The total length of edge in the landscape divided by the minimum total length of edge possible. LSI ≥ 1, higher values denote higher irregularity of landscape patterns.
Euclidean nearest neighbor distance (ENND)
Index of connectivity Shannon's diversity index (SHDI)
A measure of the diversity of different land-use types in a landscape. SHDI ≥ 0, SHDI = 0 means there is only one land-use type comprising the landscape, higher values denote higher landscape diversity.
Index of diversity
Expansion Intensity Index (EII)
The EII provides a quantitative approach to indicate the spatiotemporal dynamics of built-up land expansion and is significantly correlated with other widely used urbanization indices, such as population density and percentage of imperviousness [41] . This index was used to assess the impact of expressway and non-expressway highways across the two time periods. To identify the trends of built-up land growth processes, the highway-effect zone was divided into 10 intervals of 0.2 km each (both sides), from 0 to 2000 m, and EII was measured in each belt.
The EII is defined as follows:
where EII i is the urban expansion intensity in the buffer i; A i,t`n and A i,t are the urban area in the target buffer in year t + n and year t, respectively; n is the interval of the calculation period (in years); and TA i is the total area of spatial unit i.
Results
Dynamic Changes of Highway Density
The synoptic analysis of highway density provided evidence of growth over the last two decades, and the growth of highway density per capita was slower than highway density per area ( Table 2 ). The most significant changes occurred on expressways between 2000 and 2010, when the expressway density per area increased from 1.39 km/100 km 2 to 6.67 km/100 km 2 , and the expressway density per capita increased more than 4-fold. The sparse spatial patterns of highway develop into a dense network from 1990 to 2010 ( Figure 3 ). 
Direct and Indirect Impact on Landscape Patterns Caused by Highway Construction
Highway construction has directly fragmented the landscape in the Hang-Jia-Hu Plain, creating edge habitat, altering stream and wetland drainage, and obstructing gene flow [42] . However, the newly developed land accessible by highway not only formed numerous scattered patches but also more irregular shapes, increasing the human disturbance to this area. Intensive human activities interfere with fitness of plant and animal populations, ecosystem resilience and ecosystem services' efficiency [43, 44] . Our result indicates that compared with the direct impact of highway construction, the indirect impact gives the landscape more complex edges, a more irregular shape, less connectivity and more diversity, evidenced by the higher values of PD, LSI and SHDI and lower values of ENND ( Figure 4) . Moreover, the deterioration of the landscape in the second period (2000-2010) was less severe than that in the first period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . On the whole, the deterioration of the landscape pattern was mitigated over the period 2000 to 2010, mainly due to improved regulation and laws that controlled the accelerated expansion of built-up land. 
Pattern Changes Induced by Indirect Impact of Highway Construction
Land-Use Changes in the Highway-Effect Zone
Built-up land expansion that covered farmland, forest and water bodies was a major component of land-use change in the highway-effect zone ( Figure 5 ), contributing to 87.16% of the total change area during the last two decades. Among the three types, the largest transition occurred on farmland. In the first period (1990-2000), 276.1 km 2 of farmland was converted to built-up land, which was 89.11% of the total change in the area. However, the transition proportion decreased to 68.06% during 2000 to 2010. Meanwhile, the proportion of land that was converted from forest and water bodies to built-up land increased from 3.08% to 16.01%. Smaller areas were changed from farmland to forest, water bodies to farmland and so on; and we combined them to "other changes". Paddy fields are the dominant type of farmland in this area, and they provide rice production as well as multiple environmental functions to ameliorate the environmental effects of urbanization such as local climate 
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Expansion Patterns of Built-Up Land in Urban and Out of Urban Areas
To further illustrate the impact on the landscape structure of built-up land expansion, the land development intensity (LDI) in the highway-effect zone was calculated in the urban and out-of-urban areas in 1990, 2000 and 2010 ( Table 3 ). The LDI of the inner urban area had considerable growth between 1990 and 2000, but barely increased from 2000 to 2010, suggesting that the built-up land in the urban area becomes saturated and that the intense expansion occurred outside of the urban area after 2000. Figure 7 showed the expansion pattern of built-up land in the urban and out-of-urban areas. In the highway-effect zone of the inner urban area, the expansion pattern of development was continuous; on the contrary, the expansion pattern of development was mainly discontinuous in the highway-effect zone of the outer urban area. The spatial distribution of built-up land growth ( Figure 6 ) allowed us to identify the expansion patterns induced by highway construction and to recommend proper policies. Our study found that, from 1990 to 2000, the built-up land expansion first occurred around the original urban core. Additionally, a larger area of farmland was lost in the northeast region that was closer to Shanghai. From 2000 to 2010, a large amount of farmland was replaced by built-up land away from the urban center. These results indicate that the farmlands located in the urban fringe and near the highways were the primary victims, and serious farmland loss initially occurred in the urban areas and then spread to the rural regions.
To further illustrate the impact on the landscape structure of built-up land expansion, the land development intensity (LDI) in the highway-effect zone was calculated in the urban and out-of-urban areas in 1990, 2000 and 2010 ( Table 3 ). The LDI of the inner urban area had considerable growth between 1990 and 2000, but barely increased from 2000 to 2010, suggesting that the built-up land in the urban area becomes saturated and that the intense expansion occurred outside of the urban area after 2000. Figure 7 showed the expansion pattern of built-up land in the urban and out-of-urban areas. In the highway-effect zone of the inner urban area, the expansion pattern of development was continuous; on the contrary, the expansion pattern of development was mainly discontinuous in the highway-effect zone of the outer urban area. 
Spatiotemporal Patterns of Built-Up Land Growth in the Highway-Effect Zone
Expressway and non-expressway areas exhibited different characteristics of land attraction. Between 1990 and 2000, the EII peaked at belt 1 and decreased with an increase in buffer distance for non-expressway and expressway areas (Figure 8 ). More specifically, significant declining trends were detected in belts 1-2. For both non-expressway and expressway areas, the EII from 2000 to 2010 gradually increased based on the values between 1990 and 2000. After belt 2, ∆EII went through the pattern of going from small to large in each figure. These results confirmed that the dramatic expansion of built-up land occurred in belt 1, and the fast growth area of built-up land gradually shifted outward from the sides of the highways. The contrast between Figure 8a ,b and Figure 8c showed that the change of EII along the non-expressway area gradually declined. On the contrary, the change of EII along the expressway area gradually increased, as indicated by comparing Figures 8d and 8e . The changes revealed that construction of expressways attracted more and more built-up land and induced a large amount of land transition.
Discussion
Highway Development under Rapid Urbanization
Highway density per area of the Hang-Jia-Hu Plain increased by more than 12-fold, and highway density per capita increased approximately six-fold. The highway density far exceeded the level of a developed country by the end of 2010, especially the expressway density [45] . Several studies have shown that interactive circular feedback relationships exist between the transportation system, local economic development and population [18, 25, 28, 31, 46] . The construction of highways will increase the regional accessibility and enhance human activities along the transportation routes. Consequently, a convenient highway system attracts new commercial and real estate projects that lead to a boom of economic development and population. With the improvement in quality of life, travel demand increases, which, in turn, promotes the extension and improvement of the transport network. As expected, we found that GDP and population had a strong relationship with mileage of highway in these two periods ( Figure 9 ). Since "the Opening-Up Policy" in 1978, the Hang-Jia-Hu Plain has been a priority for development; however, a less developed highway system restricted local development until the early 1990s. To keep pace with economic development, the local government implemented powerful strategies to improve highway conditions and decided to construct the first expressway in Zhejiang Province in 1996. In 1998, the local government decided to establish a "four-hour highway traffic circle" to access the 11 prefecture cities in Zhejiang Province. Meanwhile, the expressway from Shanghai to Hangzhou, which was the first expressway in the study area, was opened to traffic. Since then, construction of expressways has entered a rapid developmental period (Table 2) . The contrast between Figure 8a ,b and Figure 8c showed that the change of EII along the nonexpressway area gradually declined. On the contrary, the change of EII along the expressway area gradually increased, as indicated by comparing Figure 8d and Figure 8e . The changes revealed that construction of expressways attracted more and more built-up land and induced a large amount of land transition.
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Spatial Features of Farmland Loss Associated with Highway Construction
Within the context of eco-environmental conservation, highway construction that fosters economic or population growth induces direct and indirect changes in landscape patterns [4] . Our study suggests the indirect land-use changes induced by highway construction had a greater impact on the regional landscape pattern. Several studies have also found that greater land-use change takes place in proximity to the highway [4, 27] . In the last two decades, former farmland accounted for 76.07% of the total area of new built-up land induced by the indirect impact of highways. Our results support the idea that human settlement easily encroaches on farmland because settlements are generally located in the well-drained plain areas of cities or transportation systems [34, 37, 48] . However, the dramatic reduction of farmland, bringing an end to the land's long tillage history and eco-environmental supportive functions, threatens the food supply security and the sustainability of the study area. Additionally, destruction of the farmland structure can also result in eco-environmental deterioration. For example, the direct impact of highway construction has isolated farmland patches and created barriers to energy flows in agro-ecosystems [36] , and the indirect impact of highway construction has fragmented farmland and increased the potential risks of pest infestation and erosion [49] .
Due to the advantageous geographical conditions and developmental policy, built-up land expansion has been an inevitable consequence of the rapid urbanization process in the Hang-Jia-Hu Plain. At the beginning of the 1990s, substantial land acquisition and land leasing attracted investments to drive high economic growth and employment. With the development of the highway system, intense urban growth first occurred in the urban fringe, where the urban boundary sprawled dramatically between 1990 and 2000. After 2000, prosperous e-commerce and logistics gave rise to many small-scale private enterprises in the Hang-Jia-Hu Plain. These enterprises prefer to be located away from the urban area but near highways for more convenience and lower costs. Our results indicate that three common urban growth types (infilling, outlying and edge-expansion) [50, 51] have been widely observed in the newly developed urban areas, and infilling and edge-expansion have also been detected. Consequently, a large amount of contiguous farmland was lost to built-up land in the urban area. In contrast, outlying growth was poorly interspersed among farmland patches in the rural region, which also contributed to the increased fragmentation and instability of the farmland.
The highway's impact on the EII relied on the distance, time and the route type. Similar results were found for Shenzhen: the expansion of developed land broadened along with the increase of highway buffers in the urban areas [52] . Generally, the strongest land development occurred nearest the highway where the expansion area becomes larger and turns into a more continuous simple structure; however, the scattered settlements increased as the distance increased [28] . Thus, farmland can easily become unstable after strong expansion. Moreover, comparing the EII at the same distance, it can be observed that the land absorption along expressways was more significant than along non-expressways. Tsou also proved that the upper-level highways influenced the local development pattern more seriously in Taiwan [53] . These results indicate that the farmland located in the expressway-effect zone face higher risk of disruption.
Implications of Farmland Protection Policy on Highway's Impact
In the Hang-Jia-Hu Plain, the proportion of farmland transition in the highway-effect zone in the 1990-2000 period was much higher than that in the 2000-2010 period. This change was mainly attributed to a series of land policy reforms at the beginning of the 1990s. After the planning system was replaced by a market economy in 1993, increasing foreign investment accelerated the pace of urbanization in China. With the implementation of fiscal decentralization, local government pursued economic development by land leasing and charging. Meanwhile, the Ministry of Communications (MC) decided to construct the National Trunk Highway System in 1993 to keep pace with the rapid economic development. Since then, the cities with good accessibility had higher probabilities of losing farmland [11] . However, the excessive loss of farmland was slowed by the "Ordinance for the Protection of Primary Agricultural Land" in 1994 and the revised Land Act in 1998 [10, 11, 54] . Our results suggest that these farmland protection policies prevented the built-up land conversion from farmland in 2000-2010. Similar to the Pearl River Delta region, the urban expansion rate came down in 2003-2008 [55] . Increasing requirements of highway construction due to the development of e-commerce and logistics will further intensify the land-use conflicts between built-up land and farmland. Therefore, farmland will continue to be threatened by highway construction.
Although the percentage of built-up land converted from farmland decreased over the period 2000-2010, we found that the newly developed area was always distributed in the rural area near highways. Two possible reasons may explain this phenomenon: (1) after 2000, many industries transferred to rural regions for cheap land and labor, where local economic development and population growth then increased the demands for highway construction; and (2) rural farmland near the highway attracted businesses due to the locations' convenience and lower land prices; thus, local governments were compelled to transform the farmland to non-agricultural land for local economic development. Such a situation was also detected in the Su-Xi-Chang region [12] and Wuhan of China [56] . This rural region problem caught the attention of the central government. The land-use strategy of "increasing vs. decreasing balance" was proposed by the Ministry of Land and Resources (MLR) in 2005 and implemented in 2010. The key objective of this land use policy is to achieve equilibrium between increased urban built-up land and decreased rural built-up land. Consequently, the former rural built-up land could be reclaimed or consolidated as farmland to supply the reduction of farmland during the urbanization process [57] . Additionally, the Ministry of Land and Resources (MLR) declared transfer of the prime farmland construction to permanent prime farmland to forbid all kinds of occupation on prime farmland from 2014 [58] . However, poor coordination between urban planning, economic development planning and land use planning created an obstacle for implementing the land use planning successfully [55] . Therefore, the system of land use management should be addressed to reconcile contradictions of different development planning and formulate an excellent set of rules to maintain the sustainable development of rural regions.
Additionally, these strict farmland protection policies will contribute to the prevention of total farmland loss. However, the cohesive agricultural landscape is still fragmented by the direct and indirect impacts of highway construction, especially in the expressway areas, due to the lack of integrated planning for the spatial pattern of farmland. Scattered farmland interferes with agricultural mechanization for large-scale operations that could help to improve efficiency and the quantity of grain production [59] . In addition, in considering the ecological consequences associated with farmland loss, an overall farmland protection system should be built to enhance spatial control and mitigate the adverse impacts caused by highway construction.
Conclusions
China has witnessed increasing land-use conflict between built-up land growth and farmland loss. Although many reports have tried to explain this problem in urban or rural regions, few researchers have focused on the interaction between highway impact and farmland loss. Our study has attempted to fill this research gap by analyzing the direct and indirect impacts of highway construction and the form and location of the associated farmland loss. Based on GIS spatial analysis, remote sensing, buffer analyses and landscape metrics, we analyzed the landscape pattern changes caused by direct and indirect highway impacts, and we also explored the relationship between farmland loss and highway construction. Finally, the implications of farmland protection policy were discussed.
The results revealed that a dense highway network was built in the Hang-Jia-Hu Plain during the last two decades, and the development of expressways has accelerated since 2000. However, due to the farmland protection policies imposed in the 1990s, the proportion of new built-up land converted from farmland decreased to 68.06% from 2000 to 2010. In addition, serious farmland loss initially occurred in the urban area and then spread to the rural region. In the highway-effect zone, infilling and edge-expansion growth of built-up land led to a large amount of continuous farmland loss, and outlying growth of built-up land scattered the farmland, especially in the rural region. The highways' impact associated with farmland loss relied on the distance, time and route type. Our results suggest that the impact of highways on farmland loss increased with the time and with the distance away from highways. Additionally, the farmland located in the expressway-effect zone faced higher risk of disruption.
In summary, farmland protection policies mitigated the pace of built-up land converted from farmland induced by highway construction. Due to the confused farmland protection system and unreasonable management, there are still large gaps in efficient farmland protection and regional sustainable development. Central and local governments should address reconciling contradictions in different development planning to establish an overall farmland protection system and enhance spatial control in mitigating the adverse impacts caused by highway construction.
However, with the increasing requirements of highway construction due to the development of e-commerce and logistics, the Hang-Jia-Hu Plain will certainly experience intense highway construction that will induce serious land-use conflicts between built-up land growth and farmland loss. The results are expected to provide a scientific basis for an integrated farmland protection system for the economical and intensive use of land. Moreover, the comprehensive approach integrating GIS, landscape metrics, and buffer analysis are demonstrated as a rational tool to study the impacts of highway construction on farmland loss. Further studies should formulate recommendations that will be helpful for regional sustainability by integrating future transportation planning, modeling possible future land-use types near transportation routes, and evaluating the ecological consequences of highway construction on farmland.
